Although the prognostic value of perfusion MR imaging in various gliomas has been investigated, that in high-grade astrocytomas alone has not been fully evaluated. The purpose of this study was to evaluate retrospectively whether the tumor maximum relative cerebral blood volume (rCBV) on pretreatment perfusion MR imaging is of prognostic value in patients with high-grade astrocytoma.
H
igh-grade astrocytomas (WHO class III or IV) are the most common primary neoplasms of the central nervous system; patients with this disease have a poor prognosis. [1] [2] [3] The median survival is approximately 3 years for anaplastic astrocytoma (AA) and 1 year for glioblastoma multiforme (GBM). [1] [2] [3] [4] [5] The prognosis of these tumors varies from patient to patient despite identical histopathologic diagnoses; the reasons for this difference are not fully understood.
Although histopathologic assessment remains the reference standard for determining the glioma grade, sampling error, large range of WHO classification and grading systems, inter-and intrapathologist variability, and difference in biology within WHO grades of gliomas may result in inadequate evaluation of the entire tumor. [6] [7] [8] [9] Thus, for a final brain tumor diagnosis, imaging studies may provide information in addition to the pathologic assessment.
Perfusion MR imaging yields physiologic information on in vivo tumor neovascularity and angiogenesis in terms of the relative cerebral blood volume (rCBV). [10] [11] [12] [13] [14] Tumor angiogenesis is an important factor that defines the biologic aggressiveness of astrocytomas, 15 and perfusion MR imaging may provide a means for characterizing the vascularity of gliomas, thereby overcoming some of the limitations of histopathologic evaluation. Perfusion MR imaging has been used to grade gliomas, and because higher vascularity corresponds to a higher tumor grade, high-grade gliomas can be expected to manifest high rCBV values. [10] [11] [12] [13] Although the prognostic value of perfusion MR imaging in various gliomas has been investigated, [16] [17] [18] [19] [20] that in high-grade astrocytomas alone has not been fully evaluated. Our hypothesis was that the rCBV of the tumor seen on pretreatment perfusion MR imaging is of prognostic value in patients with high-grade astrocytoma. The purpose of our study was to verify the hypothesis by using the MR imaging data of our institution and long-term follow-up results.
Materials and Methods
Prior written informed consent for routine MR imaging studies and treatment had been obtained from all patients. Our retrospective study was approved by the institutional review board of our hospital; the requirement for informed patient consent was waived. To protect patient privacy, we removed all identifiers from our records at the completion of our analysis.
Study Population
Between January 1999 and December 2002, 67 patients with newly diagnosed high-grade supratentorial gliomas underwent postoperative radiation therapy in conjunction with chemotherapy. Of these, 49 (30 men, 19 women; age range, 23-76 years; mean, 56 years) had supratentorial high-grade astrocytomas and fulfilled our inclusion criteria: 1) a histopathologic diagnosis of AA (class III) or GBM (class IV) according to WHO criteria; 2) absence of other previous or concurrent malignant diseases; 3) availability of digital pretreatment MR imaging data, including perfusion MR imaging, for review; 4) the presence of solid tumor components available for rCBV analysis; 5) no corticosteroid administration before MR imaging examination; and 6) the absence of gross blood products or infratentorial tumor components adversely affecting rCBV analysis. We excluded 18 patients: 14 had histologically identified oligodendroglial components. In 2, digital data from pretreatment perfusion MR imaging were unavailable, and 2 presented with MR imaging evidence of intratumoral hemorrhage.
Two authors (R.M., Y.H.) reviewed the patients' medical records. On the basis of the tumor location and the patient's performance status, a surgical option, resection or biopsy, was chosen by the neurosurgeons (J.-i.K., H.N.). The tumor was resected to the greatest extent possible in all patients. Histopathologic diagnoses were based on WHO criteria and were reached consensually by 2 neuropathologists (J.-i.K., K.I., with 27 and 25 years of experience, respectively) who were blinded to the MR imaging data. All 49 patients underwent postoperative external-beam radiation therapy. Our protocol for the treatment of high-grade astrocytoma consists of 60 Gy of radiation for patients with GBM and 54 Gy for patients with AA, administered by way of conventional fractionation (ie, 2 Gy daily for 5 consecutive days, in conjunction with 3D conformal treatment planning). The extent of the radiation field was determined by conventional MR imaging findings. The initial field for both tumors was defined as the peritumoral edema ϩ2 cm and was prescribed 40 Gy. The boost field for GBM and AA was defined as the resection cavity and residual solid tumor ϩ2 cm and was prescribed 60 Gy and 54 Gy, respectively. Nitrosourea-based chemotherapy (procarbazine/1-[4-amino-2-methyl-5-pyrimidinyl]-methyl-3-[2-chloroethyl]-3-nitrosourea/ vincristine) was administered concurrently with radiation therapy.
All patients were followed for the evaluation of tumor control after postoperative radiation therapy by neurosurgeons. Follow-up included physical, neurologic, and MR imaging examinations. If tumor recurrence was documented, salvage surgery, additional chemotherapy, and/or additional radiation therapy was considered.
MR Imaging Examinations
All MR imaging studies were performed on a 1.5T superconducting imaging unit (Magnetom Vision; Siemens, Erlangen, Germany). Conventional MR images, including T1-weighted (TR/TE, 670/14 ms; NEX, 1), T2-weighted (TR/TE eff , 3600/96 ms; NEX, 2; echo-train length, 7), contrast-enhanced T1-weighted (TR/TE, 670/14 ms; NEX, 1) images, and perfusion MR images, were obtained during the same examination. Perfusion MR imaging was with a gradient-echo echoplanar imaging sequence during the first pass of a standard-dose (0.1 mmol/kg) bolus of gadopentetate dimeglumine (Magnevist; Nihon Schering, Osaka, Japan). We used 10 sections that covered the area from the upper to the lower margin of the lesion based on T2-weighted and fluid-attenuated inversion recovery images. The scanning parameters were the following: TR/TE, 2000/54 msec; band width, 926 Hz per pixel; FOV, 210 ϫ 230 mm; matrix, 128 ϫ 128; section thickness, 5 mm; section gap, 1 mm. In all patients, images were obtained every 2 seconds at each section location in 80 seconds. An MR imaging-compatible power injector was used for the intravenous administration of contrast material through the right antecubital vein at a rate of 3 mL/s; this was followed by a 20-mL bolus of saline delivered at the same flow rate.
rCBV Measurements and Analysis
To analyze the rCBV from the perfusion MR imaging data, we used built-in software (Siemens Medical Systems) featuring standard algorithms. 12, 21, 22 Because the CBV must be expressed relative to an internal reference, we normalized it by expressing ratios relative to values measured in the normal contralateral white matter. We referred to these relative values as rCBV. In the evaluation of tumor vascularity by perfusion MR imaging, the maximum rCBV in the tumor is reportedly the most reliable parameter for interobserver and intraobserver reproducibility. 23 Therefore, we used maximum rCBV as a representative parameter of tumor angiogenesis. Solid tumor components with or without contrast enhancement on conventional MR imaging and rCBV maps were identified consensually by 2 neuroradiologists (T.H., M.K., with 18 and 17 years of brain MR imaging experience, respectively). They were blinded to clinical and histopathologic patient data. They placed four to eight 50-mm 2 regions of interest within solid tumor components on the CBV maps. Maximum rCBV values were selected for analysis. To place the region of interest correctly inside the solid portion of the tumor while avoiding volume-averaging with normal vessels that influence rCBV values, they carefully inspected conventional MR images and dynamic image sets from the arterial to the venous phase.
Statistical Analysis
To evaluate the relationship between maximum rCBV and the glioma grade, we subjected the maximum rCBV values in different histopathologically diagnosed gliomas (AA versus GBM) to the unpaired Student t test. Survival was measured from the time of the pretreatment MR imaging study to the time of death or last follow-up. Follow-up ranged from 2-72 months (median, 24 months). To determine the relationship between maximum rCBV and patient survival, we compared the maximum rCBV values with survival times. Furthermore, we compared the survival curves on the basis of the histopathologic diagnosis of the tumor and the maximum rCBV. We assessed the relationship between patient survival and prognostic factors determined from clinical and MR imaging data. Receiver operating characteristic analysis (ROC) was used to determine the optimal maximum rCBV cutoff for predicting the 2-year survival. For estimating the rCBV cutoff, the 2-year survival was used because the median follow-up in this study was 2 years. Prognostic factors included the patient age (Յ49 versus Ն50 years), sex (male versus female), duration of symptoms (Յ3 versus Ͼ3 months), neurologic function (able to work versus confined to home or hospitalized), mental status (normal versus abnormal), Karnofsky performance scale (KPS) score (Յ80 versus 90 -100), extent of surgery (biopsy versus partial or total resection), histopathologic diagnosis (AA versus GBM), enhancement of tumor components (present versus absent), and the maximum rCBV (equal or less cutoff value versus more cutoff value). Survival curves were calculated by using the KaplanMeier method; overall differences were analyzed with the logrank test. We used the multivariate Cox proportional hazards model to adjust for the influence of prognostic factors. Statistical analyses were performed with computer software (StatView, Version 5.0; SAS Institute, Cary, NC; StatFlex, Version 5.0; Artec, Osaka, Japan). For all analyses, P Ͻ .05 was considered to denote a significant difference.
Results

Patient Data
Patient data and prognostic factors are shown in Table 1 . There were 18 patients with AA and 31 with GBM: 15 underwent biopsy, 19 underwent partial, and 15 underwent gross total resection. On conventional MR images, all GBM and 5 of 18 AA manifested enhanced components. The maximum rCBV values of all tumors ranged from 0.56 to 14.1 (mean, 3.03 Ϯ 2.79), and the mean maximum rCBV was significantly higher in patients with GBM (3.90 Ϯ 3.19) than in those with AA (1.56 Ϯ 0.69, P ϭ .0038).
Survival Analysis
Of the 49 patients, 15 were alive at the most recent follow-up. The ROC analysis demonstrated that the optimal maximum rCBV cutoff for predicting the 2-year survival was 2.3 (sensitivity, 95%; specificity, 68%; positive predictive value, 66%; negative predictive value, 90%) (Fig 1) . The relationship between maximum rCBV and survival time is shown in Fig 2. The 2-year overall survival rate for all 49 patients was 41% (n ϭ 20); it was significantly lower for patients with GBM (4/31, 13%) than for those with AA (16/18, 89%; P Ͻ .001). Eighteen of 27 (67%) patients with low (Յ2.3) and 2 of 22 (9%) with high (Ͼ2.3) maximum rCBV survived for 2 years (P Ͻ .001) ( Table 1) .
The survival curves according to the histopathologic diagnosis and maximum rCBV are shown in Fig 3. Of the 31 patients with GBM, 19 (61%) manifested high rCBV values; only 1 of these patients (5%) survived for 2 years compared with 4 of 12 (25%) patients with a low maximum rCBV value. The 2-year overall survival rate was significantly lower for patients with GBM with high maximum rCBV than with low maximum rCBV values (P ϭ .013). Among the 18 patients with AA, 3 manifested high and 15, low maximum rCBV values; 33% (n ϭ 1) of patients with high and all patients with low maximum rCBV survived for 2 years (Figs 3-5) . The 2-year overall survival rate was significantly lower for patients with AA with high maximum rCBV than for those with low maximum rCBV values (P Ͻ .001).
Univariate analysis revealed that the significant factors were patient age (P ϭ .011), sex (P ϭ .029), histologic diagnosis (P Ͻ .001), neurologic function (P ϭ .002), mental status (P ϭ .019), KPS score (P ϭ .003), extent of surgery (P ϭ .024), tumor enhancement (P Ͻ .001), and rCBV (P Ͻ .001) ( Table  1) . Multivariate Cox proportional hazards model results are Note:-AA indicates anaplastic astrocytoma; GBM, glioblastoma multiforme; KPS, Karnofsky performance scale; rCBV, relative cerebral blood volume. * Data are 2-year overall survival rates, expressed as percentages.
† P values were calculated by using the logrank test. ‡ Neurologic function sufficient to enable the patient to work or limited so that the patient is either confined to the home or hospitalized.
Fig 1.
ROC curves to determine the optimal maximum rCBV cutoff for predicting the 2-year survival. At a critical test cutoff value of rCBV ϭ 2.3, sensitivity and specificity for distinguishing the 2-year survival are 95% and 68%, respectively. Area under the curve is 0.829.
Fig 2.
The relationship between maximum rCBV values and survival time in 49 patients with high-grade astrocytoma. A cutoff value of 2.3 for maximum rCBV (dotted line) was determined on the basis of an ROC analysis result to best discriminate patients with and without 2-year survival. E indicates surviving patients with AA; F, patients with AA who died; ‚, surviving patients with GBM; OE, patients with GBM who died.
shown in Table 2 . The most important factor was the histologic diagnosis (hazard ratio ϭ 9.707; 95% confidence interval (CI), 3.163-29.788), followed by the maximum rCBV (hazard ratio ϭ 4.739; 95% CI, 1.950 -11.518). The extent of surgery and sex were also significant independent factors related to survival.
Discussion
Our study suggests that the tumor rCBV on pretreatment MR imaging is an independent important prognostic factor in patients with high-grade astrocytoma. The predictive value of perfusion MR imaging for the prognosis of patients with glioma has been documented. [16] [17] [18] [19] [20] Lev et al 16 reported that in low-and high-grade gliomas, elevated rCBV was a stronger predictor of survival than the degree of enhancement. According to Tzika et al, 17 in pediatric patients with low-or highgrade glioma, the rCBV value was useful for distinguishing between progressive and stable tumors. Law et al 18 suggested that rCBV measurements in low-grade gliomas correlated more accurately with time to progression than the initial histopathologic grading of the tumor. Others 19, 20 claimed that rCBV on perfusion MR imaging was not predictive of the prognosis of patients with glioma. Oh et al, 19 who performed a survival analysis of 28 patients with glioblastoma, found that rCBV had no predictive value with respect to the prognosis. Their cutoff value for rCBV was 1.4, but it is not clear whether they used maximum rCBV in their analysis. Multivariate analysis of another 27 adult patients with low-or high-grade glioma 20 showed that rCBV provided no prognostic information different from that yielded by histopathologic study; however, the type of glioma was not specified and the maximum rCBV value in the region of interest was not measured. Histopathologic microvessel attenuation is an independent prognostic indicator in patients with astroglial brain tumors. 15 We suggest that areas with the maximum rCBV are the sites of the highest glioma grade within heterogeneous tumors and are thus the important sites for diagnosis and prognosis.
In our patients, the 2-year overall survival rate was significantly higher for patients with low (Յ2.3) than with high (Ͼ2.3) maximum rCBV, irrespective of whether the tumor was AA or GBM. Unlike histopathologic findings, maximum rCBV values derived from perfusion MR imaging may make it possible to predict the survival of patients with high-grade astrocytoma. The progression of AA to GBM is a key prognostic factor, 1 though there is considerable variation in the time to progression (mean, 2 years). 24 We suspect that AA with a high (Ͼ2.3) maximum rCBV value may undergo genetic changes reflecting a higher degree of malignancy. Survival was significantly longer in patients with GBM with low rather than high maximum rCBV values. Although the presence of microvascular proliferation is a histopathologic hallmark of GBM, in our study population the maximum rCBV values varied considerably among our patients with GBM. Our results suggest that the degree of microvascular proliferation in GBM may affect the prognosis.
In patients with high-grade astrocytoma, pretreatment and treatment-related prognostic variables include patient age, sex, symptom duration, neurologic function, mental status, KPS score, extent of surgery, histopathologic diagnosis, tumor-component enhancement, location of the tumor, and the dose and extent of radiation. 5, [25] [26] [27] [28] [29] [30] In our univariate analysis of the 10 items, all items except symptom duration had a significant difference. In our multivariate analysis of the 9 items, the most important prognostic factor was the histopathologic diagnosis followed by the maximum rCBV, the extent of surgery, and patient sex. Although histopathology is primarily used to determine the WHO tumor grade, the maximum rCBV value may provide additional valuable information. Because perfusion MR imaging facilitates assessment of the entire tumor and the identification of the intratumoral areas with the highest microvascular attenuation, it may be helpful for selecting the biopsy targets with the highest information yield and may aid in the selection of appropriate treatment strategies. Thus, this technique may prevent histologic misdiagnosis (eg, sampling error) and may demonstrate biologic differences (eg, genetic change) in the tumor. AA harboring components manifesting a high maximum rCBV may be associated with a poor prognosis and may require the same aggressive treatment as GBM.
In our study, sex was an independent prognostic factor, and female patients had better prognosis than male patients. Some studies have shown that female patients with GBM have a better prognosis than their male counterparts [28] [29] [30] and that hormones or tumor-suppressor genes on the X chromosome may be associated with their longer survival. 31, 32 There are some limitations in our study. First, we did not evaluate the location of the tumor, such as eloquent brain. In our study, the location of the tumor was supratentorial in all patients. Although this factor may affect patient survival, 25, 26 to our knowledge, its effect on survival has not been established. Polin et al 33 reported that laterality of high-grade gliomas is not an independent prognostic factor for predicting survival or functional outcome. Second, the dose and extent of radiation were not assessed in this study. Our protocol for the treatment of high-grade astrocytoma consists of 60 Gy of radiation for patients with GBM and 54 Gy for patients with AA. The extent of the radiation field for the GBM and AA groups was determined in the same fashion as described previously. Therefore, we believe that these effects are small. Third, we did not evaluate whether additional salvage surgery, chemother- For patients with GBM and AA, the overall survival rate was significantly lower for patients with high rCBV (Ͼ2.3) than for those with low rCBV (Յ2.3) (P ϭ .013 and P Ͻ .001, respectively). E indicates surviving patients with AA; F, patients with AA who died; ‚, surviving patients with GBM; OE, patients with GBM who died.
apy, and radiation affected the survival of each patient. Although these additional treatments might have affected the results, we tried to perform the optimal treatment in each patient. Fourth, proved prognostic factors such as patient age and KPS were not found to be significant in our multivariate analysis. The reason for the result in the multivariate analysis is not clear. However, these factors were found to be significant in our univariate analysis.
Fifth, there is the possibility of histopathologic misdiagnosis attributable to sampling error at pathologic examination.
When only a few small tissue samples are assessed, particularly from stereotactic biopsy, suboptimal sampling may result in inaccurate glioma grading because of the histologic heterogeneity of tumor tissues. 6, 7 However, because only 15 of our 49 patients (30%) were biopsied, we postulate that the incidence of histopathologic misdiagnosis was low in our series. Sixth, we used a gradient-echo dynamic-susceptibility contrast technique in our perfusion MR imaging study. This technique tends to be more sensitive to larger vessels than the spin-echo dynamic-susceptibility contrast technique. 34 We inspected not only conventional MR images but also dynamic image sets from the arterial to the venous phase. Because the region of interest was placed correctly inside the solid portion of the tumor and because we carefully avoided volume averaging with normal large vessels, we think that only tumor-specific vessels were assessed.
In conclusion, our long-term follow-up study of patients with high-grade astrocytoma showed that the maximum rCBV value on pretreatment MR imaging scans is useful as a clinical biomarker for predicting the survival of these patients. The presence of an intratumoral area with a high maximum rCBV value (Ͼ2.3) may be predictive of a poor prognosis. The combined assessment of histopathologic and perfusion MR imaging findings obtained before the inception of treatment may be useful to determine optimal management strategies in patients with high-grade astrocytoma.
